This study evaluated dolutegravir pharmacokinetics (PK) in subjects with moderate hepatic impairment compared to matched, healthy controls. In this open-label, parallel-group study, eight adult subjects with moderate hepatic impairment (Child-Pugh Score 7-9) and eight healthy subjects matched for gender, age, and body mass index received a single dolutegravir 50-mg dose. Following dosing, 72-hour PK sampling was performed to determine total and unbound dolutegravir concentrations. PK parameters were calculated using non-compartmental analysis. Geometric least squares mean ratios (GMR) and 90% confidence intervals (CIs) in subjects with hepatic impairment versus healthy subjects were generated by analysis of variance. Results showed that PK parameters of total plasma dolutegravir were similar between subject groups. The unbound fraction was higher in subjects with moderate hepatic impairment than in healthy subjects with GMR (90% CI) of 2.20 (1.62, 2.99) for unbound fraction at 3 hours post-dose and 1.76 (1.23, 2.51) for unbound fraction at 24 hours postdose; this correlated with lower serum albumin concentrations and was not considered clinically significant. Dolutegravir was well tolerated in both groups; all adverse events were reported as minor. Although free fraction was increased, no dose adjustment is required for patients treated with dolutegravir who have mild to moderate hepatic impairment.
The development of effective antiretroviral drugs has greatly increased life expectancy for HIV-infected subjects. 1 However, as morbidity and mortality from traditional HIV/AIDS-related events has decreased, there have been significant increases in non-AIDS-related events, including those associated with chronic liver disease. 2 Approximately 30% of HIV-infected persons have hepatitis C co-infection or other conditions associated with hepatic impairment. 3 Early concerns of potential hepatotoxic effects with combination antiretroviral therapy (ART) in patients with hepatitis co-infection contributed to limited use or interruption of ART. Recent studies have shown that patients with hepatitis coinfection have improved outcomes if treated earlier with ART. 4, 5 However, there are limited data on ART safety and dosing in patients with hepatic impairment. 6 Hepatic impairment can affect drug metabolism secondary to alterations in CYP enzyme activity, liver blood flow, hepatic architecture with potential shunting, and altered synthesis of plasma proteins. 7 Thus, it is imperative to study the pharmacokinetics (PKs) of antiretrovirals in patients with hepatic impairment to inform clinicians of safety and proper dosing.
Dolutegravir is an investigational integrase inhibitor (INI) for treatment of HIV infection currently in latestage development. It is primarily metabolized via glucuronidation by UGT1A1, with a minor component metabolized by CYP3A. Less than 1% of the dose is eliminated unchanged in the urine. 8 Since dolutegravir is likely to be administered to HIV-infected subjects with concomitant liver disease, we investigated plasma PK parameters, safety, and the impact of plasma protein binding of dolutegravir in subjects with moderate hepatic impairment.
Subjects and Methods

Study Design and Participants
This was a single-dose, open-label, parallel-group, adaptive study in adult males and females with moderate hepatic impairment (as determined by a Child-Pugh Score of 7-9, using INR scoring instead of prolongation of prothrombin time 9, 10 ) and matched, healthy control subjects. Healthy control subjects, as judged by physical exam, medical history, and laboratory testing, were matched for gender, age (AE10 years), and body mass index (AE20%) to the subjects with moderate hepatic impairment. This study was conducted at DaVita Clinical Research (Minneapolis, MN).
HIV-seronegative male and female participants between 18 and 70 years of age were enrolled. Exclusionary pre-existing conditions (other than hepatic impairment for those in the hepatic impairment cohort) were those that might interfere with normal gastrointestinal anatomy or motility and/or those that could interfere with absorption, metabolism, or excretion of the study drug. Participants were not allowed to consume alcohol, red wine, Seville oranges, grapefruit, or grapefruit juice from 7 days prior to the first dose of study medication and throughout PK sampling.
Healthy participants were determined eligible for inclusion based on physical exam, medical history, and laboratory evaluation. They could not receive any prescription or non-prescription drugs including herbal products, hormonal contraceptives, vitamins, antacids, and iron supplements within 7 days prior to the dose of study medication until the collection of the last PK sample. Furthermore, healthy participants were excluded from the study for chronic infection with hepatitis B or C; regular use of tobacco or nicotine-containing products within 3 months of screening; and having a level of aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, or bilirubin >1.5 times the upper limit of normal.
Hepatically impaired participants were required to have moderate hepatic insufficiency of any etiology that was determined to be clinically stable by the investigator. Participants were excluded for evidence of acute infection with hepatitis B and/or hepatitis C within the preceding 6 months (subjects with chronic hepatitis B or C were eligible for enrollment). Hepatically impaired subjects were permitted to use concomitant medications that were considered medically necessary by the investigator and not currently known or suspected to alter dolutegravir PK. Drugs such as antacids that could interfere with dolutegravir absorption were withheld on the day of dosing.
The trial was conducted as an inpatient study at a single clinical site. Written informed consent was obtained from all participants. The Western Institutional Review Board approved the protocol (3535 7th Avenue SW, Olympia, WA 98502), and the study was conducted in accordance with good clinical practice and by the principles of the Declaration of Helsinki. Each participant received dolutegravir 50 mg as a single dose in the morning in a fasted state followed by 72-hour serial plasma PK sampling. Blood samples for determination of total dolutegravir plasma concentrations were collected pre-dose and at 1, 2, 4, 5, 6, 8, 12, 48, and 72 hours postdose. Plasma samples were also collected at 3 and 24 hours post-dose to allow for measurement of unbound plasma concentration of dolutegravir. Safety was assessed throughout the study by clinical and laboratory evaluations and at follow-up 7-10 days after administration of the dolutegravir dose.
Bioanalytical Methods
Plasma samples were analyzed for dolutegravir by using a validated liquid chromatography and tandem mass spectrometric method. Plasma samples were extracted by protein precipitation with acetonitrile containing [ 15 N 2 H 7 ]dolutegravir as the internal standard. Measurement of the unbound dolutegravir concentration was conducted by equilibrium dialysis. The pH of each plasma sample was adjusted to 7.4, added to a 96-well Rapid Equilibrium Dialysis Device (Thermo Scientific, Rockford, IL) with a molecular weight cutoff of 8,000 Da, and dialyzed for 5 hours against isotonic phosphatebuffered saline (PBS). All protein-binding determinations were performed in triplicate. Following dialysis, the stable isotopic internal standard was added to the PBS dialysate samples. The plasma extracts and PBS dialysates were injected onto an Acquity TM HPLC system (Waters Associates, Milford, MA), and a mobile phase of 39% acetonitrile in aqueous 0.1% formic acid was used to elute components from a 2.1 Â 50 mm 3.5-micron XBridge TM C18 column (Waters Associates). The eluate was detected by using a Sciex API-4000 (AB Sciex, Framingham, MA) equipped with a TurboIonSpray 1 ionization source using the positive ion mode and multiple reaction monitoring (dolutegravir m/z 420 > 277; internal standard m/z 428 > 277). Data acquisition and processing were performed with Analyst 1.4.1 software (AB Sciex, Framingham, MA, USA). The calibration range for dolutegravir in plasma was 0.020-2 mg/mL and in PBS was 0.001-1 mg/mL. Quality control (QC) samples, prepared separately in plasma and in PBS at three different analyte concentrations and stored with study samples, were analyzed with each batch of samples against separately prepared calibration standards. For the analysis to be acceptable, no more than one-third of the total QC results and no more than one-half of the results from each concentration level were to deviate from the nominal concentration by more than 15%. The analytical runs met all these predefined run acceptance criteria. The bias for the analysis of plasma was À0.3% to 9.3% with precision values of 4.5% (within-day) and 2.7% (between-day). The bias for the analysis of the plasma samples was À0.3% to 9.3% with precision values of 4.5% (within-day) and 2.7% (between-day). The bias for the analysis of the PBS dialysate samples was À4.4% to 4.4% with precision values of 6.2% (within-day) and 2.2% (between-day).
Pharmacokinetic Analysis
Analysis of the concentration-time data was performed by using non-compartmental PK methods (WinNonlin 1 Professional Edition 5.2; Pharsight Corporation, Mountain View, CA). Plasma PK parameters calculated were area under the plasma concentration-time curve from time zero to infinity (AUC (0-1) ), area under the plasma concentration-time curve from time zero to the last quantifiable time point (AUC (0-t) ), maximum observed plasma concentration (C max ), time to C max (t max ), concentration at 24 hours post-dose (C24), absorption lag time (tlag), apparent oral clearance (CL/F), apparent volume of distribution after extravascular (e.g., oral) administration (Vz/F), and half-life (t 1/2 ). Unbound fraction (fu) was calculated using the total and unbound plasma concentration of dolutegravir data generated at 3 and 24 hours post-dose for both healthy and hepatic impairment subjects using the following formula: fu ¼ Cunbound/Ctotal, where Cunbound and Ctotal are the unbound and total concentration of dolutegravir in plasma, respectively.
Statistics
The sample size of 16 evaluable subjects was chosen based on the FDA Guidance on hepatic impairment study to include at least 8 subjects in the control and the moderate impairment arms. 11 There was no formal sample size calculation. The statistical analysis was performed on the log-transformed PK parameters, except t max and tlag. Analysis of variance (ANOVA) was performed using the SAS system (Version 9.1; SAS Institute, Inc., Cary, NC). For each log-transformed PK parameter, point estimate and its associated 90% confidence interval (CI) was constructed for the difference between subjects with moderate hepatic impairment (test) and matched healthy controls (reference). The difference in PK parameter and its 90% CI was then exponentiated to obtain the ratio of geometric least squares means and its 90% CI. For t max and tlag, HodgesLehmann estimates of difference and 90% CI were provided. To declare no effect, 90% CIs of the ratio of geometric least squares means for AUC and C max must fall within the range of 80-125%.
The relationship between plasma dolutegravir PK parameters, including AUC (0-t) , AUC (0-1) , C max , C24, t 1/2 , CL/F, Vz/F, and fu, and liver function measurements, including Child-Pugh score (overall score and liver synthetic ability [albumin, bilirubin, and INR]) was assessed by Pearson correlation and linear regression and ANOVA methods.
Results
Patient Demographics
Sixteen subjects (eight moderate hepatic impairment, eight healthy matched controls) were enrolled and all completed the study as planned. Demographics are shown in Table 1 . Five patients in the hepatic impairment cohort were classified as having a Child-Pugh score of 7, and three patients were classified as having a Child-Pugh score of 9. The etiology of hepatic impairment was alcoholic liver disease in four patients and chronic hepatitis C with alcoholic liver disease in four additional subjects. One participant in the hepatic impairment cohort had a remote history of cholecystectomy. Pharmacokinetics Table 2 and Figure 1 show dolutegravir PK parameters, unbound concentration, and plasma concentration-time profiles following the administration of a single 50-mg oral dose in subjects with moderate hepatic impairment and matched healthy controls. There were no statistically significant differences in total plasma dolutegravir PK parameters between groups. Unbound concentrations and unbound fractions of dolutegravir in plasma in moderately hepatically impaired participants were higher than those in healthy participants at 3 and 24 hours post-dose, respectively. At 3 hours post-dosing, the mean unbound fraction of dolutegravir was 0.23% in healthy subjects compared to 0.5% in those with hepatic impairment. At 24 hours post-dosing, the mean unbound fraction was 0.23% in healthy subjects compared to 0.41% in those with hepatic impairment. There was no correlation between unbound fraction of dolutegravir and total plasma dolutegravir concentration at either 3 or 24 hours post-dose.
Results from Pearson correlation and regression analysis between dolutegravir PK parameters and hepatic function variables (Child-Pugh total score, serum albumin score, serum bilirubin score, INR score, total protein) showed that dolutegravir unbound fractions were statistically higher in patients with a higher Child-Pugh score, higher albumin score (decreased albumin concentration), and increased bilirubin score (increased bilirubin concentration) with P values all less than 0.001. Pearson correlation was also statistically significant for alpha-1-acid glycoprotein (AAG), although it was stronger for albumin concentration (P < 0.001) compared to AAG concentration (P ¼ 0.005 for 3 hours post-dose and 0.045 for 24 hours post-dose) at both time points. Two subjects with hepatic impairment had normal albumin levels at baseline and had a similar percent unbound fraction of dolutegravir as the healthy participants. There was no apparent relationship between unbound fraction of dolutegravir and total protein concentration.
Safety
No subjects withdrew due to adverse events (AEs) and there were no serious AEs or deaths. AEs reported include headache, sensory disturbance, somnolence, abdominal distension, diarrhea, nasal congestion, oropharyngeal pain, and ear pain. All AEs were reported as mild (Grade 1) in severity. There were two drug-related AEs in each group. In the hepatic impairment group, one participant reported somnolence and another participant reported diarrhea. Two participants in the healthy control group reported headache. There were no Grade 4 laboratory abnormalities. All Grades 2 and 3 laboratory abnormalities were in the hepatic impairment group. One participant had a Grade 3 elevation of glucose at screening and at follow-up visit (history of diabetes on insulin); two participants had Grade 2 glucose elevations noted at follow-up visits. No consistent treatment-related or clinically significant changes in mean hematology or clinical chemistry results, vital signs, or electrocardiograms were observed. 
, area under the plasma concentration-time curve from time zero to infinity; C24, concentration at 24 hours post-dose; CI, confidence interval; CL/F, apparent oral clearance; C max , maximum observed plasma concentration; GLS, geometric least squares; t 1/2 , half-life; T max , time to C max ; Vz/F, apparent volume of distribution after extravascular administration.
a Data are arithmetic mean and standard deviation, except for T max , which is median (range). b Data are GLS mean ratio (90% CI) except for T max , which is Hodges-Lehmann estimate of difference (90% CI).
Discussion
HIV-infected subjects may present with hepatic impairment due to a variety of factors including co-infection with hepatitis B or C, alcoholism, and neoplastic diseases. 12 It is therefore important to characterize the PK of new antiretrovirals in subjects with impaired hepatic function to allow for informed choices in these patients.
This study demonstrated similar total plasma dolutegravir PK parameters in subjects with moderate hepatic impairment compared to matched, healthy controls. Unlike the majority of antiretroviral drugs for HIV infection, the primary means of dolutegravir clearance is hepatic metabolism via glucuronidation by UGT1A1 with a CYP3A4 contribution of approximately 10-15%. 8 Our results might be explained by studies that suggest glucuronidation is less affected by mild to moderate hepatic dysfunction compared to metabolism by CYP450 isoenzymes. [13] [14] [15] Potential mechanisms include an upregulation of UGT enzyme content in remaining viable hepatocytes as a response to liver injury. This may be seen especially in those with cirrhosis.
14 Furthermore, CYP450 enzymes involve oxidative metabolism and may be more sensitive to the effects of blood shunting and alterations in liver perfusion than glucuronyl transferase conjugating enzymes. 6, 13 Extrahepatic glucuronidation, as well as the deeper location of glucuronosyltransferases within the microsomal membrane, may also play a role. 6, 13 We also evaluated the impact of hepatic impairment on unbound dolutegravir concentrations in plasma. The specific plasma proteins that bind dolutegravir are unknown; however, correlation analysis from this study suggests albumin to be the principal binding protein.
Unbound dolutegravir concentrations in our study were 48-106% higher in those with hepatic impairment compared to matched healthy controls (Table 2) . However, the percentage of protein binding remained >99% in both hepatically impaired and healthy subjects, with an unbound fraction of 0.23% in healthy participants and 0.4-0.5% in those with hepatic impairment. Patients with hepatic impairment had lower albumin and AAG concentrations compared to those with normal function. Unbound dolutegravir fractions at 24 hours correlated more strongly with albumin compared to AAG concentrations. Two hepatically impaired participants with normal albumin concentrations had similar unbound fractions as the healthy matched controls, further suggesting that albumin is the main binding protein for dolutegravir.
Dolutegravir unbound concentrations in hepatically impaired subjects had a mean of 8.38 ng/mL at 3 hours post-dose and 2.49 ng/mL at 24 hours post-dose, higher than in healthy subjects (mean of 4.51 ng/mL at 3 hours post-dose and 1.19 ng/nL at 24 hours post-dose). Modestly higher unbound concentrations of approximately 17 ng/mL at 2-6 hours post-dose have been observed in HIV-infected patients. 16 The increases in unbound fraction and unbound dolutegravir plasma concentration are not considered clinically significant based on accumulated knowledge on dolutegravir safety in Phase 3 trials, and no dose adjustment of dolutegravir is necessary in subjects with moderate hepatic impairment. [17] [18] [19] Dolutegravir was well tolerated in all clinical trials, with diarrhea, headache, and nausea as the most frequent AEs. The clinical recommended dose for dolutegravir is 50 mg once daily for HIV-infected subjects who have not received an INI, representing majority of the patient population. A higher dolutegravir dose of 50 mg twice daily (therefore AUC double that from 50 mg once daily) has been evaluated in the VIKING-3 Study (subjects resistant to INIs) and has been well tolerated through 24 weeks. 20 There was no relationship found between dolutegravir drug exposure and occurrence of the most frequent AEs. Therefore, higher unbound dolutegravir plasma concentration is unlikely to cause higher incidence of these AEs. From the efficacy standpoint, the higher unbound dolutegravir concentrations in patients with hepatic impairment may be beneficial in terms of antiviral activity. Dolutegravir has potent antiviral activity with in vitro IC50 estimated at 0.51 nM (equivalent to 0.21 ng/mL). 21 The unbound dolutegravir concentrations (at 24 hours post-dose) following a single dose of 50 mg in hepatically impaired subjects observed in this study are on average 11-fold higher than the in vitro IC50. Thus, the higher unbound dolutegravir concentrations in hepatically impaired subjects have little clinical relevance from a safety standpoint and may be beneficial for antiviral activity; therefore, no dose adjustment of dolutegravir is required.
It is important to note that only subjects with moderate hepatic dysfunction were studied, and these results cannot be extrapolated to those with severe hepatic impairment. Glucuronidation is mainly preserved with cirrhosis, 22 but there may be differences in susceptibility of UGT isoforms to the effects of severe hepatic impairment and UGT1A1 may be affected to a lesser degree. 15 Additional data in subjects with severe hepatic impairment are needed to provide dosing recommendations in this population.
In summary, moderate hepatic impairment did not affect the PKs of total dolutegravir following single-dose administration, and such finding can be extrapolated to mild hepatic impairment. The increase in dolutegravir unbound concentration observed is not considered clinically relevant. Therefore, dose adjustment of dolutegravir in patients with mild to moderate hepatic impairment is not required.
